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INTRODUCTION 
An  accurate  and  detailed  knowledge  of  the 
consistency  1 of  the cytoplasm of different regions 
of the ameba during locomotion would seem to be 
of  primary  importance  in  understanding  the 
mechanism of ameboid movement. Unfortunately, 
no  such  knowledge  exists.  In  fact,  it  will  be 
shown in this and in succeeding papers  that  the 
rheological  information now  available on  ameba 
cytoplasm  is  at  best  fragmentary  and  largely 
incorrect. 
"Force-flow  curves"  (velocity  gradient  as  a 
function of shear-stress (See Figs. 2, 5))  for ameba 
endoplasm  might  by  themselves  permit  a  clear 
decision between  classes  of  possible mechanisms 
of streaming. If the endoplasm were a structureless 
Newtonian sol of low viscosity as has been claimed 
(7,  8,  16), some  sort  of  pressure-induced  flow 
would be the most attractive and logical  possible 
mechanism  to  explore.  The  development of  the 
motive  force  for  streaming could  not  very  well 
take  place  either  at  the  edge  of  the  stream  or 
within the stream itself.  On the other hand, if the 
endoplasm showed signs of structure (as evidenced 
by pseudoplastic flow), while pressure-flow  would 
not be excluded,  the possibility that all or part of 
the motive force for streaming might be developed 
in or at the edge of the stream would become more 
likely. 
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1 "Consistency" is the term proposed by the  Society 
of Rheology for  "... that property  of a  material  by 
which it resists permanent change of shape, and is de- 
fined by the complete force-flow relation"  (Cf. reference 
18, p. 24). 
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When  Mast  first  proposed  the  now  widely 
accepted sol-gel theory of ameboid movement more 
than  three  decades  ago  (13),  he apparently con- 
sidered  the  fact  of  endoplasmic  flow  within  a 
stationary tube of ectoplasm sufficient evidence on 
which  to  assign  the  rather  prejudicial  terms 
"plasmasol" for the endoplasm, and "plasmagel" 
for  the ectoplasmic tube. Mast's views  seemed  to 
be  largely  vindicated  by  early  "objective"  esti- 
mates of "protoplasmic viscosity" (7,  16). Unfor- 
tunately, the experimental conditions under which 
these  early consistency estimates were  made and 
some  unjustified  assumptions  led  to  spurious 
viscosity values and to what now appears to be an 
entirely  erroneous  view  of  the  consistency  of 
ameba  cytoplasm3 
The present paper is an attempt to follow what is 
for  the  ameba  an  entirely new  approach  to  an 
understanding  of  the  consistency  of  the  cyto- 
plasm, through an extension of the kind of velocity 
profile  analysis  already  used  so  effectively  by 
2 Early estimates of "protoplasmic viscosity"  (cf. 8 
for references to an immense literature in this field) were 
based  on  the  unjustified and probably  erroneous as- 
sumptions of homogeneity and Newtonian behavior on 
the part of the cytoplasm. The use both of Stokes's Law 
with the centrifuge method and of Brownian motion to 
estimate  viscosity depend on the  correctness of these 
underlying  assumptions.  The  notion of  cytoplasmic 
homogeneity should have been dispelled by the pains- 
taking  study of Brownian motion in Spirogyra cyto- 
plasm  by  Baas-Becking, Bakhuyszen,  and  Hotelling 
(3), who showed that "Brownian"  movements of cyto- 
plasmic inclusions were often non-random (i.e., directed) 
and limited, indicating that the cytoplasm is heteroge- 
neous and cannot be characterized by a single viscosity 
coefficient.  Specific  objections to the conditions of experi- 
ments  purported  to  demonstrate  "low viscosity"  for 
ameba endoplasm will be considered in detail in a sec- 
ond paper of the present series. 
437 438  AMEBA CYTOPLASM.  I 
Kamiya et al.  (10-12)  to  elucidate  the  details  of 
the streaming processes  in Physarum  and Nitella. 
Perhaps  the ideal way to investigate the rheology 
of  the  endoplasm  is  to  study  the  details  of  its 
normal  flow  within  the  ectoplasm,  which  in 
extended  specimens  forms  a  capillary  of  nearly 
circular cross-section. While this approach has the 
decided  advantage  of  relative  non-interference 
with the normal activities of the cell (compared to 
centrifugal  stratification  of  inclusions,  immobili- 
zation  for  Brownian  motion  studies,  etc.),  it  has 
both  the advantage  and  disadvantage  of a  choice 
of  interpretations,  depending  on  the  postulated 
mechanism of streaming.  There are at the present 
time  only  three  classes  of  mechanisms  which 
appear  to be possible:  (1)  Flow caused by a  pres- 
sure gradient (e.g. the endoplasm may be "pushed" 
by ectoplasmic contraction  (5,  13,  15)  or "pulled" 
by suction. (2) A force developed within the endo- 
plasmic stream  (e.g. by forcible extension of inter- 
linked  molecules or  micelles anchored  posteriorly 
against  the  tail).  (3)  A  force  developed  between 
the  endoplasm  and  ectoplasm,  or  between  tele- 
scoping layers of endoplasm. 
The  opinion  most  widely  held  at  the  present 
time  is  that  a  pressure  gradient  established  by 
ectoplasmic  contraction  is  the  motive  force  for 
endoplasmic  streaming,  not  only  in  the  ameba- 
(5,  13),  but also in slime molds  (10,  12); however, 
Stewart and  Stewart have recently cited evidence 
which  they  believe  supports  the  diffusion  drag 
hypothesis  (19).  The  present  analysis 3  applies 
strictly only to Poiseuille flow, that is, flow caused 
by a  pressure gradient, but might be applied with 
minor  modifications  to  flow  caused  by  diffusion 
drag  forces.  If  the  pressure  hypothesis  proves  to 
be incorrect,  then  one of the other  two  classes  of 
mechanisms  must  be  operative.  Both  of  these 
classes  of  mechanisms  require  the  presence  of 
theologically  detectable  ultrastructure  in  order 
to transmit  directed forces through  the streaming 
material. 
In equilibrium capillary flow, a balance of forces must 
exist between the shear stress along the perimeter of the 
capillary cross-section and the pressure gradient applied 
to the total cross-section area of the stream (17, 18): 
r2~r  =  -- dxx  ~vr2'  (1) 
3 The authors are indebted to Prof. W. D. Hayes  of 
the Aeronautical Engineering Department of Princeton 
University for assistance in the following analysis. 
in which r  is the shear stress (dynes/cm.2), dp/dx is the 
pressure gradient (dynes/cm.~),  and r is the radius of the 
stream. According to Newton's hypothesis: 
du 
(2)  r=#dr, 
in which #  is the "apparent viscosity  ''4 in poise (dyne 
sec/cm.  2)  and du/dr  is  the  velocity gradient  (1/sec). 
The slope of a velocity profile at some value of r is du/dr 
(cf. Fig. 1). 
Substituting the right side  of equation  (2)  into  (1), 
we have 
Integrating from the center of the stream to the walls 
of the ectoplasm, 
f 
-  --  =  uo  -  u,  (4)  du  =  dXJod  u 
in which Uo is the maximum velocity at  the center of 
the stream, and u is the velocity at a point r in the ra- 
dius. 
The integrated form of this equation predicts a para- 
bolic velocity profile  if the viscosity remains constant 
throughout  the cross-section  of the stream: 
11 o  --  It  =  --  2~"  " 
On the other hand, if the viscosity were,  for  exam- 
ple, high at  the edge and  diminished progressively to 
a  low at the center of the stream  (#  =  ar),  equation 
(4) would become 
(  12dp) r 
uo  --  u  =  --  ,  (6) 
a 
and the velocity profile would be linear or at least more 
pointed than a parabola.  In the opposite  case,  that is, 
viscosity varying inversely with  the  radius  (#  =  a), 
r 
equation  (4)  would  take  the form 
(  uo-t~=  -  ~,  (7) 
which  would  produce  a  blunt,  "plug-flow"  velocity 
profile (18).  These three cases are illustrated in Fig. 1. 
4 The term viscosity is, strictly speaking, a proportion- 
ality constant  in the force-flow  relation of Newtonian 
(linear)  fluids.  The  term  "apparent  viscosity" is  fre- 
quently substituted when the force-flow relation is, or is 
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FIG.  1.  Three types of velocity profiles  in capillary flow predicted from A, uniform viscosity throughout  the 
stream; B, a gradient of high viscosity at the center to low at the walls (plug-flow);  and C, a gradient of high viscos- 
ity at the walls to low at the center. See the text for details. 
FIG. 2.  Force-flow relations from A, parabolic velocity profile of laminar flow of a Newtonian fluid, which can be 
derived; B, "plug-flow" of a thixotropic fluid or one showing "false body." The dotted line is the generalized shape 
of the force-flow relationship of a pseudoplastic fluid with a "yield point" or critical shearing stress at to. The ap- 
parent viscosity at any stress is given by the reciprocal of the slope of the force-flow curve. 
The most meaningful way to describe a  fluid rheo- 
logically is by a  plot of 
du 
--  =/(r).  (8) 
dr 
A  linear  relationship  is  the  criterion  of a  Newto- 
nian  fluid  (equation  2)  such  as  aqueous  solutions 
of  small,  symmetrical  molecules.  Non-Newtonian 
(e.g.  thixotropic  or  pseudoplastic)  fluids  showing 
decreasing  apparent  viscosity at  increasing  shear 
stress  would  exhibit  a  non-linear  force-flow rela- 
tion  (Fig. 2 B). With large samples of fluid, "flow- 
curves"  can  be  constructed  from  data  on  the 
volume  of  flow  from  capillaries  under  different 
pressure  gradients  or  from  rotational  viscometers 
operated  at  a  range  of  velocity  gradients  and 
shear-stresses.  A  glance at  such  force-flow curves 
is  sufficient  to  classify  fluids  as  Newtonian  or 
non-Newtonian. 
Fortunately,  it is possible  to construct  a  force- 
flow  curve  for  ameba  endoplasm  or  other  small 
samples  of  fluid  which  can  be  made  to  flow  in 
capillaries  on  the  basis  of  velocity  profile  data 
alone by virtue of the fact  that  shear  stress  in  a 
capillary  increases  in  direct  proportion  to  the 
distance from the center to the edge of the stream 
(equation  1).  In  other  words,  at  any  point r  in 
the radius of the stream,  there is but one value of 
r  and  one  of  du/dr.  Thus  from  velocity profiles 
alone,  it is possible  to characterize a  fluid flowing 
in  a  capillary  as  Newtonian,  pseudoplastic,  or 
dilatant. 
Various fluids can be compared as to consistency 
only if numerical  values can  be assigned  to  their 
apparent viscosities (over a range of stresses) in the 
sol  state,  or  to  their  "yield  points"  (i.e.  critical 
shear  stress)  if  they  are  gels.  Since  r  is  directly 
proportional  to  the  product  of  half  the  pressure 
gradient  times the radius,  if the pressure gradient 
(constant  for any one profile) could be evaluated, 
then  so  could  r  and  #.  The  magnitude  of  the 
pressure gradient causing flow can be estimated by 
the  application  of  a  measured,  reverse  pressure 
gradient  just  sufficient to cause  a  temporary  halt 
in endoplasmic flow during its application. What is 
measured  in  this  way  is  the  average  pressure 
gradient  assumed  to  be  the  motive  force  for 
endoplasmic  flow. 
Material and Methods 
Actively moving, extended  specimens  of the  giant 
ameba, Chaos chaos, taken from rapidly growing wheat 
infusion  cultures  were  deprived  of  food  for  several 
hours  before the present  experiments.  Selected poste- 
rior,  middle,  and  anterior  regions of the  endoplasmic 
stream of uncompressed organisms in an extended state 
were photographed  cinematographically at a  tempera- 
ture  of  20-23°C.  using  water-filtered  mercury  green- 
line illumination of moderate intensity. Velocity profile ~E  n 
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FIG. 4.  A specimen of Chaos chaos photographed under the conditions of measurement of the motive force for 
streaming by application of an external pressure gradient through the capillary. 
data  were  obtained  from  cin~  films  with  a  Vanguard 
motion  analyzer  5 by  measurements  of  the  maximum 
velocity exhibited by cytoplasmic inclusions at different 
points along the radius of the stream.  The  fine cross,- 
hairs  of the  motion  analyzer were operated  by  a  mi- 
crometer screw  which read to 0.001 inch.  Under these 
conditions,  the  measurement  error  in  localizing  the 
image of a particle on any particular frame was about 
0.2 microns. 
RESULTS 
Velocity  Profiles: 
The velocity profiles shown in Fig. 3 are smooth 
curves  drawn  over  the  maximum  velocities  ex- 
hibited  by  inclusions  carried  by  the  endoplasmic 
stream  in  its  posterior,  middle,  and  anterior 
regions.  The  solid  lines  are  profiles  for  the  two 
sides of the stream, and  the broken lines are aver- 
ages  of  the  two  sides.  One  curious  and  perhaps 
significant feature of the velocity profiles was their 
almost universal  asymmetry.  Of  the nine velocity 
profiles so far analyzed, eight show asymmetry sim- 
ilar to that in Fig. 3. The most marked asymmetry 
was  found  in  profiles of  the anterior  region. This 
asymmetry can sometimes be recognized  in living 
specimens as a sort of "swagger" which the stream 
exhibits as it rushes  forward. 
5 Vanguard Instrument Corporation, Valley Stream, 
New York. 
Measurement  of  the  Motive  Force for  Endoplasmic 
Streaming: 
The  nature  and  origin  of  the  motive  force  for 
endoplasmic  streaming  are  not  known,  but  its 
equivalent magnitude in terms of pressure gradient 
can  be  estimated  by  opposing  the  endoplasmic 
stream  with  an  externally  applied  pressure  gra- 
dient.  If the motive force is a  pressure gradient,  it 
will be approximately  equal  to  (no less than)  the 
external  pressure  required  to  bring  streaming  to 
a  temporary  halt. 
Glass  capillaries 80  to  110  microns  in diameter 
were  held  over  advancing  pseudopodia  until 
hydrostatic  pressure  had  become  equalized  and 
until  the  pseudopodium  had  advanced  under  its 
own  power  sufficiently  far  into  the  capillary  to 
seal  the  latter  tightly  (See  Fig.  4).  A  small  gas 
pressure  was  then  applied  to  the open  end of  the 
capillary over a  period of a  few seconds by means 
of a  screw pressing on a  large rubber  tube leading 
to an  inclined  water  manometer.  When  endoplas- 
mic streaming had  been stopped,  the pressure  was 
read  from  the  manometer  and  immediately 
released  by  opening  a  valve.  While  a  range  of 
pressure  gradients  was  found  for  different  pseu- 
dopodia,  the  value  which  is  regarded  as  most 
significant  is  the  minimum  external  pressure 
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1.10 cm.  of water  (range  1.10  to  3.2)  for a  pseu- 
dopod 0.194 cm.  in length, or a  pressure gradient 
of  5.6  ×  103  dynes/cruZ  This  minimum  value 
serves  to set  the minimum viscosity values calcu- 
lable from velocity profiles (see Discussion). 
Pressure  gradients five to  six  times as great  as 
the  minimum were  required  to  reverse  the  direc- 
tion  of  flow  in  a  monopodial  organism.  This  is 
probably  due  to  the  resistance  offered  by  the 
posterior  ectoplasm. 
One fact emerged from these experiments which 
is surprising and perhaps  important. On the basis 
of pressure flow  of an ordinary fluid, it would  be 
predicted  that  the application of a  negative pres- 
sure  to  one  pseudopod  of  a  tri-  or  tetrapodia/ 
specimen  would  result  in  flow  from  all  other 
pseudopods  into  that  attached  to  the  capillary. 
However,  it  was  found  that  application  of  nega- 
tive pressures even as high as 6  cm.  of  water  had 
virtually no  effect  on  flow  in  pairs  of advancing 
and  retracting  pseudopods  only  a  few  hundred 
microns away from the point of application of the 
pressure.  It  was as  if  the  flow  in  the pseudopods 
outside  the  capillary  had  been  in  some  way 
"insulated"  from  the  effects  of  the  applied nega- 
tive pressure even though an unobstructed channel 
of  flowing endoplasm  connected  all pseudopodia. 
DISCUSSION 
While  the  rheological  interpretation  afforded 
velocity profiles of endoptasmic streaming depends 
entirely  on  prior  assumptions  regarding  the 
motive  force  of  endoplasmic  streaming,  the 
velocity profiles themselves point out clearly cer- 
tain  features  of  cytoplasmic  streaming which  are 
not  obvious  on  gross  examination of  an  ameba. 
One of these features is the steepness of the velocity 
gradient at the edge of the endoplasmic stream in 
the anterior half of an ameba. In other words, the 
central  portion  of  the  endoplasm  develops  an 
almost negligible velocity gradient, so  that in the 
anterior  half  of  the  cell  the  endoplasm  "slips" 
through  the  ectoplasmic  tube  almost  as  a  plug. 
The eye does not ordinarily perceive this because 
some of the more slowly moving inclusions above 
and  below  the  widest  optical  section  give  the 
impression of a more or less even velocity gradient. 
The true velocity profile is only obtained by plot- 
ting the  maximum  velocities at  various distances 
(r)  from  the  center  to  the  edge  of  the  stream. 
Another  feature  which  is  noticeable  in  velocity 
profiles  is  their  asymmetry.  This  can  be  seen  in 
living amebae  as  an  apparent  "swagger"  of  the 
endoplasm as it advances. 
The rheological implications of the endoplasmic 
velocity profiles depend upon the correctness of the 
presently  popular  hypothesis  that  endoplasmic 
streaming  in  the  ameba  is  caused  by  a  pressure 
gradient within the  ectoplasmic  tube  (5,  13,  15). 
The  interpretation  to  follow  should  be  regarded 
with the reservation that it is by no means certain 
that the pressure hypothesis is correct. Some of the 
evidence for and against it will be discussed further 
on. 
There seems to be no question that endoplasmic 
streaming  in  the  anterior  half  of  an  ameba  ap- 
proaches  the  plug-flow  conditions  exhibited  by 
thixotropic  fluids  and  those  possessing  "false- 
body"  (14,  18,  20).  The plug-flow profiles in Fig. 
3  are particularly noteworthy in view of  the  fact 
that  these  same  profiles  originated  posteriorly 
as more pointed  than parabolic, probably reflect- 
ing the pattern of endoplasic recruitment from the 
wails of the posterior ectoplasm. 
The  asymmetry  visible in  the  velocity profiles 
is  interpretable  as  an  asymmetrical  variation  in 
endoplasmic consistency on  the  two  sides  of  the 
stream.  Another possibility, however,  is that  this 
asymmetry  is a  reflection of  some kind of  active 
process at work unevenly within or in front of the 
stream.  The  sharp  break  in  velocity gradient on 
one  side of  these  profiles  shows  up  as  a  discon- 
tinuity in the force-flow relation (Fig. 5) suggestive 
of  the yield  point  characteristic  of  gels.  Despite 
the  fact  that  some  "creep"  occurs  at  stresses 
below the yield point, it seems justifiable to char- 
acterize  cytoplasm  showing  this  behavior  as  a 
"tenuous gel." 
The  consistency  of  ameba  endoplasm  can  be 
roughly characterized  by computing the apparent 
viscosities  exhibited  at  maximum  and  minimum 
stress  on  the  force-flow  relations  (Fig.  5).  Table 
I  is  presented  as  "discussion"  rather  than  as 
"results"  because  these  values  are  computed 
under the simplifying assumption that  the motive 
force  is a  uniform pressure gradient of 5.6  ×  l0  s 
dynes/cm? These  calculations point  out  the  fact 
that  the  endoplasm  could  have  a  low  viscosity 
(centipoise  range)  only if  pressures  of  a  fraction 
of  a  millimeter  of  water  were  sufficient  to  halt 
streaming,  whereas  in  fact,  pressures  from  1.1  to 
3.2 centimeters were required. 
It  is  particularly  important  to  note  that  the 
estimation  of  apparent  viscosity  from  velocity n- 
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TABLE  I 
The  apparent  viscosity  exhibited  by  Chaos  chaos  endo- 
plasm  as calculated from  the force-flow relation  (Fig. 
5),  derived from  the  "average"  velocity  profiles shown 
in  Fig.  8,  on  the  simplifying  assumption  that  the 
motive  Jorce  for  streaming  is  a  uniform  pressure 
gradient of 5.6 X  103 dynes/cm, a. 
Speci- 
men 4 
Speci- 
men 6 
Edge  Region  Center  (Shear-zone) 
Posterior 
Middle 
Anterior 
Posterior* 
Middle 
Anterior 
3,8 poise 
6.1  " 
8.9  " 
0.74  " 
5.6  " 
7.8  " 
9.3 poise 
0.44  " 
1.0  " 
1.86  " 
1.1  " 
1.5  " 
* Measured slightly further  anterior  than specimen 
4; also, streaming velocity was greater. 
profiles  is  not subject to  error  by any resistance 
offered  by  the plasmalemma at  the  front of  the 
cell. If the membrane were not present, it is true 
that the velocities and therefore velocity gradients 
throughout the stream would be increased, but the 
pressure  gradients  and  therefore  stress  values 
would also increase correspondingly. 
At first there appears to be a  considerable dis- 
crepancy between the values presented in Table I 
and  the  "absolute  viscosity"  measurements 
reported  in  1928 by  Heilbrunn  (7).  However, 
Heilbrunn  underestimated  the  density  of  the 
crystalline cytoplasmic  inclusions, assuming  1.1, 
whereas  Griffin  (6)  has  now positively identified 
them  as carbonyl diurea, which has a  density of 
1.74.  Heilbrunn  also  correspondingly  overesti- 
mated the density of the ground cytoplasm. Cor- 
recting for these errors, it is found that the "appar- 
ent viscosity" (if indeed Stokes's law is applicable) 
at  the  relatively huge  stress  imposed  by  failing 
crystals  (which  at  128  X  gravity  "weigh"  4a/~ 
times an equal volume of gold under gravity) is 
from 7 to 8 times as great as Heilbrunn believed. 
These and other difficulties in obtaining rheological 
information about ameba cytoplasm by centrifu- 
gation  will  be  considered  more  fully  in  a  later 
report. 
There  is  good  reason  to  expect  pseudoplastic 
flow  properties  of  ameba  endoplasm,  which  has 
been shown to consist of more than a single aqueous 
phase  (2).  The formation of  injury vacuoles, for 
example  in  compressed  cells,  is  a  clear  case  of 
separation of phase and indicates that much of the 
water  of  the  cell  is  immobilized by  the  colloidal 
material present.  Colloids  of  this  kind generally 
exhibit thixotropy (14, 20). 
It should again be emphasized that the agree- 
ment among methods  indicating non-Newtonian 
behavior  in  the  endoplasm does  not  necessarily 
indicate the correctness of the pressure-flow  theory 
on which part of this evidence is based. There may 
prove  to  be more  satisfactory explanations than 
Poiseuille flow for  the  endoplasmic velocity pro- 
files. The present analysis based on the assumption 
of pressure-flow  indicates that  (1)  the endoplasm 
possesses  rheological  evidence  of  structure,  and 
(2) changes in consistency within the endoplasmic 
stream could reflect molecular events of importance 
occurring there  (increased cross-bonding, etc.). 
Not all of  the available evidence supports  the 
pressure hypothesis despite the fact that a number 
of  authorities  have  added  the  weight  of  their 
opinions to  this  idea  (e.g.  5,  8,  12,  13,  and  15). 
These  opinions have  been  based  largely  on  the 
superficial  similarity of endoplasmic streaming to 
laminar flow in a capillary with a closed, contract- 
ing end. Several reasons are listed below  why the 
pressure-flow  hypothesis  is  not an ideal working 
hypothesis for  ameboid movement (cf.  also refer- 
ence 4); while perhaps no one of these reasons by 
itself is sufficient  to cause the discard of the pres- 
sure hypothesis, taken together, they suggest that 
other mechanisms should be seriously considered. 
1.  When the direction of streaming reverses,  a 
wave  of  reversal  can  travel  in  either  direction 
along  a  pseudopod  6 not  only  in  ameba  but  in 
slime molds (19). 
2.  Parallel,  oppositely  directed  substreams 
sometimes slide past one another in the same seg- 
ment of ectoplasmic tube.  ~ 
3.  An endoplasmic stream shared  by a  pair of 
advancing and  retracting pseudopodia  does  not 
respond as expected to an externally applied nega- 
tive  pressure  gradient  acting  through  a  third 
pseudopod. 
4.  The  pressure  hypothesis  and  the  further 
assumption of  sol  consistency of  the  endoplasm 
would  not  account  for  the  organized  streaming 
movements reported  by Allen (1)  for  dissociated 
ameba  cytoplasm  contained  in  quartz  or  glass 
capillaries. 
6 These features are visible in a few sequences of an 
excellent  film of  locomotion  in  Chaos  chaos  photo- 
graphed and now distributed  by Dr. Warren G. Lewis 
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5.  The  pressure  hypothesis  is  inapplicable  to 
cyclosis,  unless the additional assumption is made 
that  the  region of  high pressure circulates, for a 
stationary  pressure  gradient  could  not  possibly 
result  in  circular  flow in  a  closed  system.  It  is 
perhaps noteworthy that abnormal amebae often 
exhibit a kind of rotatory streaming. According to 
Jahn  and  Rinaldi  (9)  the  pressure hypothesis  is 
not a satisfactory explanation for streaming in the 
reticulopodia of Foraminifera. 
Pressure applied to a  fluid  is without direction, 
even when it results in flow. Flow of a  non-New- 
tonian fluid need not be caused by pressure,  for 
such a  fluid can be pushed or pulled by directed 
forces  transmitted through the fluid by the bonds 
which  render  the  fluid non-Newtonian. Directed 
forces  would  be  indistinguishable from  pressure 
by  present  methods  of  investigation  (i.e.  from 
outside  the  cell)  because a  directed  force  would 
have  the  dimensions  of  pressure  (dynes/era.2); 
such forces  could be developed either within the 
stream  (e.g.  through  forcible  extension of  inter- 
linked micelles)  or  just posterior  to  the  hyaline 
cap  by  the  contraction of  cytoplasmic elements 
anchored  at  the  anterior  extremity of  the  ecto- 
plasmic  tube.  Interferometric  data  are  so  far 
compatible with  either of  these possibilities. 
~,¥hat is most urgently needed is a clear experi- 
mental demonstration of the site of action of the 
motive force  for  ameboid  movement. While  the 
pressure  hypothesis  provides  a  simplification 
which is useful for the time being, there are many 
indications that it will not long remain a satisfac- 
tory working hypothesis  on  the  way  to  an  ade- 
quate theory of ameboid movement. 
The  major  conclusion  to  be  drawn  from  the 
present  study  is  that  the  previously held  view 
that  ameba  endoplasm  is  a  structureless,  New- 
tonian sol must be discarded. Instead, it appears 
quite  clear  that  the  cytoplasm  (both  ecto-  and 
endoplasm)  is  markedly  non-Newtonian  irre- 
spective of the correctness of the pressure hypoth- 
esis of movement. This conclusion renders a wider 
spectrum of mechanisms of  movement worthy of 
further investigation. 
SUMMARY 
1.  The  velocity profile  of  a  fluid  in  capillary 
flow is sufficient to characterize it as either New- 
tonian or non-Newtonian. If the pressure gradient 
causing flow can be measured, a  complete force- 
flow relation can be derived which is independent 
of any resistance offered by obstructions ahead of 
the point of profile measurement. 
2.  Endoplasmic  streaming  in  extended  speci- 
mens of  Chaos  chaos  has  the  essential character- 
istics of capillary flow, but it is not certain whether 
or not a pressure gradient is the motive force. 
3.  Velocity profiles  for the anterior half of  the 
endoplasmic stream of Chaos  chaos  are similar to 
those  of plug-  (pseudoplastic) flow of fluids  with 
false-body  or  exhibiting  thixotropy.  The  eye 
normally  perceives  a  more  uniform  velocity 
gradient  because  of  slower  moving layers  above 
and  below  the  widest  optical  section.  Velocity 
profiles  in the posterior half of  the stream are at 
first  somewhat  more  pointed;  this  is  apparently 
due  to  the  pattern  of  endoplasmic  recruitment 
from  the  walls  of  the  ectoplasm. 
4.  Asymmetry  found  in  nearly  all  velocity 
profiles can be interpreted as indicating dissimilar 
consistencies on  the  two  sides  of  the  stream  or, 
alternatively, as a  sign of active processes  occur- 
ring unevenly across the stream. 
5.  The minimum motive force for normal endo- 
plasmic streaming was  found to be equivalent to 
a  pressure  gradient  of  5.6  X  103  dynes/cm?. 
Assuming the motive force  to be a  uniform pres- 
sure  gradient  of  this  magnitude,  the  apparent 
viscosity near the center of the endoplasm in two 
representative organisms was calculated to  be in 
the range of 0.74 to 3.8 poise in the posterior region 
to 7.8 to 8.9 poise in the anterior with intermediate 
values in the middle. At the edges  of the stream 
(where  the shear stress is highest)  the viscosities 
were considerably lower,  except in the tail region, 
where the recruitment of endoplasm was occurring. 
Present evidence does  not appear  to  permit  a 
clear  decision  whether  a  pressure  gradient  or  a 
directed  force  might  be  the  motive  force  for 
ameboid  movement.  Irrespective of  the  correct- 
ness of  the pressure hypothesis, however,  ameba 
endoplasm  possesses  rheologically  detectable 
structure,  and  therefore  can  no  longer  be  con- 
sidered a  structureless, Newtonian sol. 
The authors wish to acknowledge the helpful criti- 
cisms of Professor E. Newton Harvey. 
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